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We present theoretical calculations of orientation-dependent total ionization yields from the
highest occupied molecular orbitals of the oriented OCS molecule by solving the time-dependent
Schro¨dinger equation in three dimensions. The calculations were performed within the single-active-
electron approximation including multielectron polarization. The multielectron polarization term
was represented by an induced dipole term which contains the polarizability of the OCS+ cation
parallel to the laser polarization. Upon accounting for multielectron polarization, the calculated
total ionization yields and their orientation dependence are in good agreement with experimental
data.
I. INTRODUCTION
Recent advances in strong-field physics, allow iden-
tification of multielectron effects in strong-field ioniza-
tion experiments [1–4] and in high-order harmonic gen-
eration experiments [5, 6]. In parallel to experimental
advances, theoretical models are currently being devel-
oped to account for multielectron polarization (MEP),
see for example Ref. [7, 8]. All-electrons methods such as
time-dependent Hartree-Fock theory (TDHF) and den-
sity functional theory (TDDFT) [9] have been used to
model MEP in strong-field ionization of small atoms and
molecules [2, 10]. These methods provide essential infor-
mation on the contributions of different orbitals to the
ionization process, and on the MEP effects caused by
the interaction of the outgoing electron with the electron
density of the parent ion.
Strong-field ionization of the OCS molecule has re-
ceived considerable attention in the past decade and can
be considered as an important test case for the eluci-
dation of MEP effects [10–15]. For the oriented OCS
molecule, while the total ionization yield (TIY) is domi-
nated by ionization from the degenerate highest occupied
molecular orbitals (HOMOs), see Fig. 1, the ionization
process is strongly affected by MEP [10]. For the OCS
molecule, a series of experimental measurements were
conducted for the investigation of the TIYs and their
orientation dependence [10–12, 14, 15]. In Ref. [11], the
experiments were conducted using linearly polarized laser
pulses with 30-fs duration at 800-nm wavelength and in-
tensities of 1.5×1014 W/cm2 and 1.8×1014 W/cm2. In
these experiments, the TIY was measured as a function
of the orientation angle β, see Fig. 1 which illustrates
the orientation of the OCS molecule relative to the lin-
ear laser polarization. The minimum TIY was obtained
with the laser polarization parallel to the molecular axis
at β = 0◦, whereas the maximum TIY was obtained with
the laser polarization perpendicular to the molecular axis
at β = 90◦. While the TIY is dominated by ionization
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FIG. 1. A cross section of the electron density for the HOMO
of the OCS molecule in the molecular-frame xz plane. The
HOMO in the yz plane can be obtained by a 90◦ rotation
around the molecular axis. The OCS molecule is fixed at
orientation angle, β, relative to linear laser polarization, ε.
from the HOMO of the OCS molecule, the orientation de-
pendence of the TIYs presents a challenge to ionization
models. For example, the molecular Ammosov-Delone-
Krainov model [16] and the strong-field approximation
(SFA) [17–19], predict that the orientation dependence
of the TIY should follow the orbital structure. Hence
in these models, the TIY should peak at β close to 35◦,
see electron density plot of the HOMO in Fig. 1. Even
the weak-field asymptotic theory of tunneling, which in-
cludes dipole effects [20], does not capture the experi-
mental result and predicts a maximum at β ' 30◦ [13].
Likewise the Stark-corrected molecular tunneling the-
ory [1, 21] does not reproduce these experimental re-
sults for the OCS molecule: the Stark-corrected molec-
ular tunneling theory predicts the maximum ionization
yield at β = 45◦[22]. The results of Ref. [11] suggest that
the angular behaviour of the TIYs in linearly polarized
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2fields could not be explained by ionization rates only. In
fact, to map out the instantaneous ionization rates of the
OCS molecule, circularly-polarized laser pulses had been
used in previous studies [1, 22] because both re-scattering
with the parent ion and the influence of excited molecular
states is minimized for this choice of polarization.
From the previous discussion, it is evident that an ac-
curate description of strong-field ionization of oriented
OCS by linearly-polarized light requires a theory, which
accounts for multielectron effects and propagation of the
outgoing electron in the combined potential of the re-
maining cation and the laser pulse. In Ref. [10], a new
set of measurements were presented for OCS using 800-
nm linearly-polarized laser pulses with 30-fs duration and
peak intensities of 4.5×1013 W/cm2, 7×1013 W/cm2, and
2×1014 W/cm2. In addition to the experimental mea-
surements, the authors presented calculations of TIYs
within the framework of TDDFT. The computational re-
sults were in a good agreement with the experimental
measurements and explained the failure of the molecular
tunneling theory to describe the orientation dependence
of the TIYs by a multichannel ionization mechanism,
which was revealed by the localization of a hole on the
sulfur atom following strong-field ionization in the paral-
lel orientation (at β = 0◦), a mechanism that can not be
captured by ionization models such a single-electron tun-
neling theory or the SFA. Although the TDDFT method
captures essential parts of the dynamics of strong-field
ionization of oriented OCS, it can suffer from inherent
problems such as the inability to distinguish between sin-
gle and double ionization yields, and be challenged in the
accuracy of results at low intensities due to electron leak-
age. In addition, it can be hard to obtain a good rep-
resentation of contributions from electronically excited
states in the multiphoton ionization process. This lat-
ter point is noteworthy in light of the recent results of
Ref. [15], in which strong-field ionization of oriented OCS
revealed a contribution from resonant excitation in the
photoelectron spectra and angular distributions at differ-
ent laser intensities and wavelengths.
In view of the interests and challenges in the response
of OCS to an intense laser pulse, we find it interesting
to revisit this problem theoretically with a new TDSE
methodology, which can handle MEP within the single-
active-electron (SAE) approximation [8]. This approach
will be computationally much cheaper than any multi-
electron methodology and will allow a clear and phys-
ically transparent identification of the influence of the
MEP term. Moreover, in cases where MEP is of central
importance in the dynamics such as in OCS, the per-
formance of the present SAE approximation is expected
to be of the same quality if not superior to all-electron
methods for the following reason: in all-electron meth-
ods, which inevitably introduce approximations for the
electron-electron correlation, the accuracy of the polar-
izability of the ion is determined by the level of theory
implemented in the method. By contrast, in the SAE
model, the polarizability of the ion is an input param-
eter which can be chosen as the most accurate experi-
mental or theoretical value available. Here, we calculate
TIYs from the HOMO of oriented OCS as a function of
the orientation angle, using the TDSE within the SAE
approximation and including MEP corrections. The cal-
culations were performed for OCS in linearly-polarized
laser pulses which contain 5 optical cycles at 800-nm
wavelength and with peak intensities of 8×1012 W/cm2,
2.2×1013 W/cm2, and 4.5×1013 W/cm2. The MEP was
represented using an induced-dipole term based on the
polarizability of the OCS+ ion. When the MEP term is
included, the TDSE calculations predict the maximum
TIY at the orientation β = 90o in agreement with the
experimental measurements of Refs. [10, 11].
The theoretical and computational models are pre-
sented in Sec. II, followed by results and discussion in
Sec. III and conclusions in Sec. IV. Atomic units are used
throughout unless otherwise stated.
II. THEORETICAL AND COMPUTATIONAL
MODELS
This section is divided into three parts. In the first
part, we describe the procedures for generating the SAE
potential and the wavefunction for the HOMO of OCS. In
the second part, we give a brief description of our TDSE
method. In the final part, we describe how to include
MEP in the TDSE method within the SAE approxima-
tion.
A. Single-active-electron potential and the HOMO
of OCS
The SAE potential describing OCS was obtained from
quantum chemistry calculations following the procedure
described in Ref. [23]. The molecule is placed along the
molecular-frame z-axis such that the center-of-mass coin-
cides with the origin and the oxygen (sulfur) atom points
in the positive (negative) z direction. The SAE poten-
tial of OCS was expanded in partial waves as V (~r) =∑lmax
l,m=0 Vl0(r)Yl0(θ, φ) where m = 0 since the molecule
is linear and the potential is invariant under rotations
around the molecular axis. The expansion of the molec-
ular potential was truncated at lmax = 20. Based on our
SAE potential for the OCS molecule, the HOMO of OCS
is a pi orbital with energy -0.35 a.u., which is slightly
above a reference orbital energy of -0.42 a.u. as ob-
tained from quantum chemistry calculations using stan-
dard quantum chemistry software (GAMESS [24]).
We applied the split-operator spectral method [25] to
obtain the wavefunction corresponding to the HOMO of
OCS. We started the time propagation from an inital
guess wavefunction, denoted by ψ(~r, t = 0) and used the
SAE potential for OCS. For the inital state, we need a
state that includes the pi orbital symmetry and we chose
the hydrogenic 2px state for convenience. We performed
3field-free propagation for a time duration of 1000 a.u.
and saved the wavepacket every 1 a.u. of time. From
the time-dependent wavefunction obtained in this man-
ner, ψ(~r, t), an autocorrelation function P(t) = 〈ψ(~r, t =
0)|ψ(~r, t)〉 was calculated, and a bound state spectrum
P(E) was obtained as
P(E) = 1
T
∫ T
0
dt w(t) exp(iEt) P(t), (1)
where w(t) is the Hanning window function [25]. Once
the HOMO energy, EHOMO, is well resolved in the P(E)
spectrum, the corresponding wavefunction can be con-
structed and normalized as follows
ψHOMO(~r) =
1
T
∫ T
0
dt w(t) exp(iEHOMOt)Ψ(~r, t). (2)
We used the wavefunction of Eq. (2) as the initial state
for the solution of the TDSE.
B. Summary of the TDSE calculations
The TDSE methodology was thoroughly discussed
elsewhere [26]. Here, we give a brief overview of the
method. The TDSE is solved for the active (HOMO)
electron within the SAE approximation. The time-
dependent wavefunction, ψ(~r, t), is expanded in spherical
harmonics Ylm(Ω) for the angular degrees of freedom and
a radial grid for the time-dependent reduced radial wave
functions, flm(r, t), i.e.,
ψ(~r, t) =
∑
lm
flm(r, t)
r
Ylm(Ω). (3)
The TDSE is propagated in the length gauge (LG) with a
combined split-operator [25] Crank-Nicolson method. In
the LG, the interaction of the laser field with the active
electron is given by VExt(~r, t) = ~E(t) ·~r. The electric field
~E(t), linearly polarized along the lab-frame z − axis, is
defined as
~E(t) = −∂t ~A(t)zˆ = −∂t
(
E0
ω
sin2(pit/τ) cos(ωt+ φ)
)
zˆ,
(4)
where ~A(t) is the vector potential, E0 is the field ampli-
tude, ω the frequency, and φ the carrier-envelope phase
(CEP) for a laser pulse with duration τ . The construction
of the laser electric field from the above vector potential,
ensures that there are no unphysical DC components in
the field [27].
The TDSE calculations were performed at a laser fre-
quency of ω = 0.057 a.u. corresponding to a wavelength
of 800 nm, a CEP value of φ = −pi/2, and the pulses
contained 5 cycles with field amplitudes (E0 = 0.015,
0.025, and 0.036 a.u.) corresponding to peak intensi-
ties of 8 × 1012, 2.2 × 1012 and 4.5 × 1013 W/cm2. We
chose somewhat lower peak intensities than what is re-
ported experimentally in order to achieve convergence
of the TDSE calculations, in particular since our SAE
potential underestimates the ionization potential of the
HOMO for OCS, see Sec. II A. In the TDSE calculations,
the radial grid contained 8192 points and extended to
320 a.u. The size of the angular basis set was limited by
setting lmax = 60 in the partial wave expansion of the
wavefunction, see Eq. (3). The calculations were per-
formed at orientation angles in the range β = 0◦ − 90◦
with a step of 15◦. The results have been checked for
convergence by varying lmax.
The TIYs were produced by projecting the wavepacket
at the end of the laser pulse on Coulomb scattering states
in the asymptotic region (r > 20 a.u.), an approach
that was validated in Ref. [28] and recently applied for
the molecular hydrogen ion [29, 30] and the polar CO
molecule [8].
C. Including the MEP term in the TDSE
calculations
Theory accounting for the effect of MEP in strong-
field ionization was developed in Refs. [1, 21, 31–33]. To
include MEP in our TDSE method, we adopted the ap-
proach layed out in Ref. [33], see also Ref. [8]. For the
polar OCS molecule, the potential describing the inter-
action of the active electron with the core including the
MEP term and the time-dependent external field, is given
asymptotically as [21, 31, 34]
Veff(~r, t)|r→∞ = ~r · ~E(t)− Z
r
− (~µp + ~µind) · ~r
r3
+ . . . , (5)
where Z=1 is the charge of the cation, ~µp and ~µind are the
permanent and induced dipoles of the OCS+ cation. The
MEP term is defined as −~µind · ~r/r3 = −α|| ~E(t) · ~r/r3
where α|| is the static polarizability of the OCS+ ion
parallel to the laser polarization axis. A cutoff radius is
chosen close to the core at a radial distance
rc = α
1/3
|| (6)
such that the MEP cancels the external field at r ≤
rc [31–33].
Implementing the MEP term in the TDSE method is
straightforward in the LG. In our approach, upon includ-
ing MEP, the interaction term is expressed in the LG at
each radial point r as [8]
V ExtLG (r, t) =
{(
1− α||r3
)
~E(t) · ~r; r > rc
0; r ≤ rc (7)
The interaction term is zero at r ≤ rc because the exter-
nal field is counteracted by the MEP [31, 32]. Note that
the permanent dipole term of Eq. (5) is already part of
the field-free SAE potential of OCS.
4FIG. 2. Orientation-dependent TIYs from the HOMOs of the OCS molecule probed by linearly polarized laser pulses containing
5 optical cycles at 800 nm with different models of MEP. In (a), the isotropic polarizability of the OCS+ ion is used at peak
laser intensities of 8 × 1012 W/cm2 (dashed curve) and 2.2 × 1013 W/cm2 (solid curve). In (b), the external field is turned
off within rc = α
1/3
|| while neglecting the induced dipole term (−α|| ~E(t) · ~r/r3) at peak laser intensities of 2.2 × 1013 (dashed
curve) and 4.5 × 1013 W/cm2 (solid curve). In (c), the full MEP effect is accounted for based on the parallel polarizability of
the OCS+ ion (α||) at peak laser intensities of 2.2 × 1013 W/cm2 (dashed curve) and 4.5 × 1013 W/cm2 (solid curve). The
maxima in the TIYs (normalized to unity in the plots for a better comparison) at the low and high intensities, respectively are
as follows: (a) 2.58× 10−6 and 2.17 × 10−4 (b) 1.15× 10−3 and 1.83× 10−2, (c) 4.52 × 10−4 and 7.77× 10−3.
The MEP term was implemented in the TDSE cal-
culations in the LG as discussed in detail in Ref. [8].
The polarizability of the OCS+ ion was taken from the
NIST computational chemistry database [35], as com-
puted using the BLYP functional of density functional
theory and the cc-pVDZ basis set in the geometry of
the ion. At this level of theory, the OCS+ ion has a
static polarizability with the following nonzero compo-
nents: αxx = 12.56, αyy = 12.96, αzz = 40.72 a.u.,
whereas the nonzero component of the dynamic polar-
izability (computed at 800 nm) are as follows: αxx =
13.16, αyy = 12.57, αzz = 41.78 a.u. The small dif-
ferences between the static and dynamic polarizability
components suggest that the static polarizability is suit-
able for the present calculations. For the static polar-
izability, the spherical component is 21.94 a.u. whereas
the anisotropic component is 28.16 a.u. We have checked
that calculating the polarizability of the OCS+ ion in the
geometry of the neutral molecule results in very similar
values for the above polarizability components. The po-
larizability component parallel to the laser polarization
axis is defined as
α|| = cos2(β)αzz + sin2(β)αxx, (8)
where β is the orientation angle, defined in Fig. 1. Ac-
cordingly, the value of the polarizability parallel to the
laser polarization is α|| = αzz=40.72 a.u. at β = 0◦
(β = 180◦) when the laser polarization is parallel to the
molecular axis, whereas α|| = αxx=12.56 a.u. at β = 90◦
when the laser polarization is perpendicular to the molec-
ular axis. The large polarizability anisotropy between the
orientation angles β = 0◦ and 90◦ is essential in order to
correctly capture the MEP effect in strong-field ioniza-
tion of OCS.
III. RESULTS AND DISCUSSION
In this section, we will discuss the effects of MEP on
the TIYs for the oriented OCS molecule. The TDSE cal-
culations were performed within the SAE approximation
including the effect of MEP. The laser pulses, linearly
polarized, contained five optical cycles at a wavelength
of 800 nm. The TIYs were calculated at the end of the
laser pulses for the degenerate HOMOs and the overall
TIY is obtained as the sum of the contributions from the
two HOMOs. Notice that at β = 0◦, the external laser
field runs through the molecular axis, and due to cylindri-
cal symmetry, both HOMOs produce the same TIYs at
this orientation. Although the contribution to the overall
TIY from the HOMO in the molecular yz plane is small,
it can affect the position of the orientation angle of max-
imum ionization yield and that is why its contribution
should be considered.
As a first attempt to include MEP effects, the TDSE
calculations were conducted using the isotropic polariz-
ability of the OCS+ ion, α = 21.95 a.u. [35], and its
corresponding cutoff radius rc = 2.8 a.u., see Eq. (6).
This value of the polarizability and the corresponding rc
were then applied at all orientation angles. The TDSE
calculations were conducted at laser intensities of 8×1012
W/cm2 and 2.2×1013 W/cm2. The summed up TIYs for
the degenerate HOMOs are plotted at different orienta-
tion angles in Fig. 2 (a). From Fig. 2 (a), one can see that
the maximum ionization yield is obtained at β = 30◦ at
both laser intensities. Clearly, using the isotropic polariz-
ability of the OCS+ ion results in a maximum ionization
yield at too small orientation angle in comparison with
the experimental results [10, 11] where the maximum
ionization yield is expected at β = 90◦. This disagree-
5FIG. 3. Orientation-dependent TIYs from the degenerate HOMOs of the OCS molecule probed by linearly polarized laser
pulses containing 5 optical cycles at 800 nm with peak intensities of (a) 8×1012 W/cm2,(b) 2.2×1013 W/cm2, and (c) 4.5×1013
W/cm2. The blue dashed (red dotted) curves denote the contribution from the HOMO in the xz-plane (yz−plane), the black
curves denote the summed-up TIYs. The maxima in the TIYs (normalized to unity in the plots for a better comparison) are
(a) 5.53× 10−6, (b) 4.52× 10−4, and (c) 7.77× 10−3.
ment indicates that accounting for MEP effects using an
isotropic polarizability model is not satisfactory. The re-
sults show that the polarizability anisotropy should be
considered. Notice that polarizability anisotropy means
that the parallel β-dependent polarizability value, α|| of
Eq. (8), and the corresponding cutoff radius, rc of Eq. (6),
should be considered.
The TDSE calculations were then conducted using
the parallel polarizability of the OCS+ ion, which ac-
counts for polarizability anisotropy. At first, we consid-
ered switching off the external field within a radial cutoff
distance rc = α
1/3
|| determined based on the polarizabil-
ity of the OCS+ along the laser polarization, without
including an induced dipole term in the MEP model,
i.e., the term −α|| ~E(t) · ~r/r3 in Eq. (7) was omitted.
The TDSE calculations were conducted at laser intensi-
ties of 2.2 × 1013 W/cm2 and 4.5 × 1013 W/cm2. The
summed-up TIYs for the degenerate HOMOs are pre-
sented in Fig. 2 (b). From Fig. 2 (b) at both intensi-
ties, although the ionization yield does not change sig-
nificantly with the orientation angle, in particular at the
higher intensity, we do not observe a maximum yield at
β = 90◦. The orientation angle of maximum TIY de-
pends on laser intensity: the maximum yield is observed
at β = 60◦ at 2.2 × 1013 W/cm2 and at β = 30◦ at
4.5 × 1013 W/cm2. Notice that in the reported exper-
imental measurements [10, 11], the orientation angle of
maximum ionization yield (β = 90◦) does not depend on
laser intensity. A careful analysis of the TIYs and their
orientation dependence [see Fig. 2 (b)] suggests that since
the induced dipole term, −α|| ~E(t) · ~r/r3 in Eq. (7), was
neglected in the TDSE calculations, the TIYs calculated
at small orientation angles must be significantly overes-
timated, in particular at β = 0◦. This, in turn, resulted
in overestimating the contribution to the TIYs from the
HOMO in the yz−plane. To investigate this aspect fur-
ther, our next step is to take the full MEP effect into
consideration.
We account for the full MEP effect in the TDSE
calculations; where both the short range cutoff ra-
dius of Eq. (6) and the long-range induced-dipole term,
−α|| ~E(t) · ~r/r3 in Eq. (7), are included based on the β-
dependent parallel polarizability of the OCS+ cation, see
Eq. (8). The summed-up TIYs for the degenerate HO-
MOs are shown in Fig. 2 (c). As can be seen, the TIY is
maximum at β = 90◦, at both laser intensities, in excel-
lent agreement with the experimental findings [11].
In Fig. 3, we compare the orientation-dependent TIYs
from the degenerate HOMOs of the OCS molecule at
three different intensities of 8× 1012 W/cm2, 2.2× 1013
W/cm2, and 4.5 × 1013 W/cm2. In Fig. 3, in addition
to the summed-up TIYs, we show the separate contribu-
tions from the degenerate HOMOs: the ionization yields
corresponding to the HOMO in the molecular xz plane
are represented by blue dashed curves, while the yields
corresponding to the HOMO in the molecular yz plane
are represented by red dotted curves. The TDSE calcu-
lations were performed using the parallel polarizability
of the OCS+ ion of Eq. (8). From Fig. 3, one can see
that at all intensities the HOMO in the molecular xz
plane has its maximum yield at β = 90◦ with the ex-
ternal field perpendicular to the molecular axis, whereas
the HOMO in the molecular yz plane has its maximum
yield at β = 0◦ with the external field parallel to the
molecular axis. Moreover, the maximum overall TIY is
obtained at β = 90◦ at all intensities. While the inten-
sity has no effect on the orientation angle of maximum
TIY, it definitely has an effect on the ratio (R) between
the ionization yields at β = 0◦ and β = 90◦, where R is
defined as R = TIY(β=0◦)TIY(β=90◦) [11]. Based on the results in
Fig. 3, the ratio of ionization yields has values of R ≈ 0.3
at 8 × 1012 W/cm2, R ≈ 0.6 at 2.2 × 1013 W/cm2 and
R ≈ 0.8 at 4.5 × 1013 W/cm2. This trend in R and
its dependence on laser intensity is consistent with both
6the TDDFT calculations and the experimental measure-
ments on OCS reported in Ref. [10], in which the ratio
between the ionization yields at β = 0◦ and β = 90◦
degrees increases with increasing intensities. Our esti-
mates of R at the higher intensities are comparable to
the experimental value of 0.65 [11] determined at a laser
intensity of 1.5× 1014 W/cm2.
IV. CONCLUSION
For the oriented OCS molecule, TIYs were obtained
from TDSE calculations for the degenerate HOMOs
within the SAE approximation and taking into account
MEP. In the treatment of MEP, the induced dipole term
was first calculated based on the isotropic polarizabil-
ity of the OCS+ ion, in which case the resultant ion-
ization yields failed to reproduce the experimental mea-
surements [10, 11]. However, when the induced dipole
term was calculated based on the full polarizability of
the OCS+, in which the polarizability parallel to the laser
polarization and the corresponding cutoff radius depends
on the orientation angle, a good agreement was obtained
between our calculated TIYs and the experimental mea-
surements [10, 11]. The calculations were performed at
several intensities and the agreement with the experiment
is satisfactory at all considered intensities. These find-
ings show that the SAE methodology can capture funda-
mental aspects of multielectron dynamics in strong-field
ionization of the OCS molecule when suitably extended
to account for the rearrangement of the remaining core-
electrons as described by the induced dipole potential.
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